Combinatorial saturation mutagenesis -CSM-is a valuable tool for improving enzymatic properties from hot-spot residues discovered by directed enzyme evolution or performing semi-rational studies.
INTRODUCTION

4
heterologous expression, which can successfully be employed to engineer enzymatic functions by forced evolution [12] [13] [14] [15] .
Saturation random mutagenesis has long been used to investigate protein-DNA interactions and protein function. With this technique, one single amino acid codon is mutated to all other codons encoding the 20 naturally occurring amino acids. This method is used in directed evolution experiments to expand the number of amino acid substitutions accessible by random mutagenesis 16 . Furthermore, this technique can be employed to simultaneously mutagenize several codons -combinatorial saturation mutagenesis-, either in contiguous blocks or in separate positions, allowing the exploration of all possible combinations and permutations of interesting amino acid residues, in order to identify their optimal interactions and geometry for desirable protein or even create new functions or redesign active site for new substrates 17;18 .
Combinatorial saturation mutagenesis is typically carried out by laborious in vitro experiments based on the well-reported sequence overlap extension (SOE) 19 . Gene splicing by SOE recombines DNA sequences containing the mutated DNA fragments by several consecutives PCR reactions, which also requires an additional in vitro ligation step with the vector for cloning the whole fragment. Here, we are presenting a modification of the standard protocol of combinatorial saturation mutagenesis, using S.
cerevisiae apparatus for recombining and splicing mutated libraries and at the same time creating a circular autonomously replicating vector, which can be easily coupled to high-throughput enzymatic schemes. To validate this protocol we have chosen as scaffold a laccase gene from the fungi Myceliophthora thermophila, which was previously evolved towards high expression levels in S. cerevisiae 12 . Residues Ser510 and Leu513 were targeted because of their relevance in the modulation of redox potential of this enzyme 20 . Libraries were constructed and explored by high-throughput methodology discovering a variant (7E1) which can provide new insights in the supplement without uracil, 20 g bacto agar, 100 ml 20% sterile glucose, 1 ml 25 g/L chloramphenicol, and dd H 2 O to 1000 ml.
Production of MtLT2 in S. cerevisiae
One single colony from S. cerevisiae clone containing MtLT2 parent-type or mutant laccase genes was picked from a SC drop-out plate, inoculated in 3 ml of minimal medium and incubated for 48 h at 30ºC and 225 rpm (Micromagmix shaker, Ovan, Spain). An aliquot of cells was removed and inoculated into a final volume of 50 ml of minimal medium (optical density, OD 600 =0.25) in a 500 ml flask. Incubation proceeded until two growth phases were completed (OD 600 =1.0; 6 to 8 h). Thereafter, 450 ml of expression medium containing 5.6mM CuSO 4 were inoculated with the 50 ml preculture in a 2.0 -litter baffled flask (OD 600 =0.1). Incubation was stopped after 38-42 h at 30ºC
and 225 rpm (laccase activity was maximal reaching a plateau; OD 600 =28-30). The cells were separated by centrifugation for 20 min at 3000 g (4ºC). Supernatant was double-filtered (by both glass membrane and a nitrocellulose membrane of 0.45 μm pore size) and concentrated to 20 ml in an ultrafiltration cell (Amicon/Millipore, Barcelona, Spain) equipped with a 10 kDa cutoff membrane.
Purification of laccases
Native and mutant laccases were purified using fast protein liquid chromatography 
Coupling IVOE to HTPS assays: end-point colorimetric assay.
Individual clones were picked into 96-well plates (Sero-well, Staffordshire, UK)
containing 50 μl of minimal medium per well. In every single plate the column number 6 was inoculated with standard (parent type, MtLT2), and 1 well (H1) was not inoculated (control). Plates were wrapped with parafilm (to prevent evaporation) and incubated at 30ºC and 225 rpm in a humidity shaker (Minitron-INFORS, Biogen, Spain).
After 48 h, 160 μl of expression medium were added to each well, and plates were again incubated. After 24 h, OD 600 was recorded to determine the cell density in each well using a microplate reader (Versa Max, Molecular Devices, Sunnyvale, CA).
Plates (master plates) were centrifuged (Eppendorf 5810R centrifuge, Germany) for 5 min at 3000 g at 4ºC. 20 μl of supernatant were transferred from master plate (Liquid Handler Quadra96-320, Tomtec, Hamden, CT, US) to a replica plate. 180 μl of assay solution (final concentration in the well 3 mM ABTS, 100 mM acetate buffer pH 4.5)
was added to each well of replica plate containing supernatant. Plates were stirred and the absorption at 418 nm (ε ABTS
•+ =36,000 M -1 cm -1 ) was recorded in the plate reader.
Plates were incubated at room temperature until green color was developed, and the absorption was measured again. Relative activities were calculated from the difference between initial absorption and that after the incubation divided by the OD 600 of each well. Relative activities were normalized against the parent type in the corresponding plate.
Rescreening procedures
First rescreening: aliquots of 5 μl of the best clones were used from master plates to inoculate 50 μl of minimal media in new 96-well plates. Columns 1 and 12 (rows A and H) were not used to prevent the appearance of false positives. Five wells on the microplates were inoculated with the same clone. Five wells on each plate were used for the standard. The screening procedure then was the same as above, but including not only a endpoint assay but also a kinetic assay 22 .
Second rescreening: an aliquot from the wells with the most active clones of first rescreening was inoculated in 3 ml of YPAD and incubated at 30ºC and 225 rpm for 24 h. Plasmids from these cultures were extracted (Zymoprep yest plasmid miniprep kit, Zymo Research). As the product of the zymoprep was very impure and the concentration of extracted DNA was very low, the shuttle vectors were transformed into super-competent E. coli cells (XL2-Blue, Stratagene) and plated onto LB-amp plates. Single colonies were picked and used to inoculate 5 ml LB-amp media and were grown overnight at 37 ºC and 225 rpm. Plasmids were then extracted (QIAprep spin miniprep kit, QIAGEN). S. cerevisiae was transformed with plasmids from the best mutants and also with parent type. Five colonies of every single mutant were picked and rescreened as described above (using both end-point and kinetic assays).
DNA sequencing.
Plasmid-containing variants laccase genes were sequenced at the Sequencing Core 
RESULTS
Construction of libraries by IVOE.
IVOE methodology (Fig. 1) is based on the high frequency of homologous recombination of eukaryotic machinery to splice saturated mutagenized DNA fragments and at the same time use yeast gap repair mechanism in order to substitute in vitro ligation. First, two PCR reactions were carried out using degenerated primers to produce two PCR fragments which shared homologous sequences at the 3´and 5´ends
respectively. These products already contained the saturated mutagenized codons, and were used directly by S. cerevisiae to in vivo shuffle each other through their recombination areas giving rise to a whole gene. Likewise, recombination not only spliced the two fragments in a complete gene but also shuffled the mutagenized codons. The whole mutagenized gene possessed big overhangs which recombined with the ends of the linearized vector forming an autonomously replicating plasmid. It is not straightforward to find out which event take place first (the splicing of the PCR fragments between themselves or their linkage to the linearized plasmid); in fact it is likely that even both phenomena happen simultaneously. With this approach, reliable high transformation frequency and short protocols for library expression can be derived, with a readily coupling to a HTPS assay.
Library size and design of the recombination area: the size of the combinatorial saturation mutagenesis library is strictly depending on the genetic code, type of mutagenic codon and the number of sites chosen for mutagenesis 27 . In our case, two positions (510 and 513) were selected and submitted to combinatorial saturation mutagenesis using NNG/C randomization strategy instead of NNN randomization.
NNG/C reduces the total number of variants, while all amino acids remain accessible and the complexity of the library can still be maintained. Positions 510 and 513 have a distance between them of only 6 bp, which enable them to recombine within one primer. Degenerated primers were designed in such a manner that the mismatches lay on the middle of the primer. To get accurate annealing during PCR, 15 and 22 nucleotides flanked the mismatches. Cloning efficiency did not change much if the homologous sequences were longer than 50 bp (data not shown; in our case the two PCR products to be in vivo recombined had as homology region 40 bp which comes from the own length of the degenerated primers). To recombine with linearized plasmid, overhangs design was ruled under the same principles, however if overhangs were smaller than 20 bp efficiency would be compromised.
Library analysis
A total of 1,740 clones from the library constructed by IVOE/combinatorial saturation mutagenesis at the codons for residues 510 and 513 were picked and screened for activity. Only 2.98 % showed improvements and 93.1 % displayed less than 10 % of the parent enzyme´s activity, MtLT2 (Fig. 2) . The coefficient of variance (CV) of the end-point assay was found to be below 10 % (sensitivity limit of ABTS assay 5 nU/ml, Fig. 3 ). Figure 4 summarizes the HTPS used to explore the library constructed by IVOE.
It is worth noting that the second rescreening using freshly transformed cells was necessary to discard false-positives, getting a correct comparison of the clones. This second rescreening was highly reliable since included mutants which were all in the same metabolic stage. After the 2 consecutives rescreens, only one mutant (7E1) was found to show significantly better kinetics than parent type. Variant 7E1 was purified to homogeneity and further characterized, displaying 3.1 fold better activity (K cat 4440 min -1 and 1420 min -1 for 7E1 and MtLT2, respectively). 7E1 variant was sequenced showing one synonymous mutation L513L (CTG/TTG) and one beneficial mutation S510G (TCG/GGG), which is responsible for the activity enhancement. exquisite frequency of homologous recombination). This technique was tuned using as parent type the laccase from Myceliophthora thermophila variant T2, (MtLT2) which is highly expressed in S. cerevisiae 12 . In spite of the fact that fungal laccases posses the highest redox potential -Eº-of this enzymatic group (close to +800 mV), their practical application in the oxidation of high Eº substrates and non-phenolic compounds (such as polycyclic aromatic hydrocarbons or in the pulp-kraft bleaching) are still under investigation [28] [29] [30] [31] [32] [33] [34] [35] . Indeed, over the years, the broad range in the fungal laccases Eº (from +465 mV of Myceliophthora thermophila laccase -MtL-, to +790 mV of Trametes -Polyporus or Coriolus-versicolor laccase) has been subject of study trying to figure out which parameters are behind the differences in the Eº 20;36-38 . It is well known that a hydrophobic residue (either Phe or Leu) at the axial position of the T1 Cu site is implicated in the elevated Eº of fungal laccases 39 . However, there are broad differences even amongst the fungal laccases -see table 1-; thus it is clear that the non-coordinating Leu or Phe residue at the T1 site cannot be the sole contributor to this effect 40 . In this sense, it has been described the significance of a pentapeptide 509-513 segment highly conserved located near the Cu T1, which also contains the mentioned axial ligand of the T1 site at position 513 20 . In MtLT2, Ser510 forms part of the tripeptide VSG which is common to the low redox potential laccases. Unlike VSG, table 2 ). Taking into account that mutation rates must be low for whole-gene evolution and that error-prone PCR methodologies are limited to single point mutation and specific bias, a large fraction of protein sequence space would remain still unexplored (in fact, with single base mutation, only 5.7 amino acid substitutions on average are accessible from any given amino acid residue). Unlike error-prone PCR, IVOE enabled us to access to the overall array of possibilities at the targeted residues giving us a whole picture about the interactions, incompatibilities and synergy of studied positions.
We used the structure of Melanocarpus albomyces laccase 23 (75 % of sequence identity to MtLT2) to build a model for 7E1. In parent type Ser510 was connected with the terminal Asp556 through a hydrogen bond (Fig. 5) . Asp556 is part of the C-terminal plug, a structure highly conserved in ascomycete laccases 42 . This plug is supposed to be involved in modulating redox potential of these enzymes regulating both the entrance and exit of oxygen and water from the active pocket through a broad tunnel. In variant 7E1 the interaction between Ser510 and Asp556 no longer exists, which may have a double effect:
i) the removal of lateral chain of Ser510 enhances the tunnel which leads to the trinuclear copper cluster (Fig. 6) .
ii) After breaking the hydrogen bond between Ser510 and Asp556 the grade of tightness is lowered.
Our research is currently focused in the electrochemical characterization of 7E1 and in the use of this variant as parent type for further studies of combinatorial saturation mutagenesis of the C-terminal plug by IVOE. 
